Abstract-Conventional K-edge subtraction imaging is based around the acquisition of two separate images at energies respectively below and above the K-edge of a contrast agent. This implies increased patient dose with respect to a conventional procedure and potentially incorrect image registration due to patient motion.
I. INTRODUCTION 
C
ONTRAST agent X-ray imaging increases the visibility of an anatomical region by artificially increasing its contrast with the injection of a contrast agent with higher attenuation coefficient than biological tissue. This is particularly useful in mammography, where the intrinsically low contrast of tumour against healthy tissue often prevents detection. However, the detection of small structures is often prevented by the presence been more intensively used in recent years when digital detectors became more easily available [2] , [3] .
Two images are acquired, with X-ray beams of energy below and above the K-edge, respectively, and combined, typically by logarithmic subtraction, leaving an image where the background is removed, highlighting the distribution of the contrast agent.
The limitation of this approach lies in the need for a double exposure, implying increased dose to the patient and artifacts from patient motion. The present work has been carried out with a pixellated spectroscopic CdTe detector, allowing images at different energies to be acquired simultaneously and obtained by simply integrating different bands of the spectrum pixel by pixel.
We compare here the results obtained with simple logarithmic subtraction and with a more generic dual energy algorithm.
II. MATERIALS AND METHODS

A. The detector
The HEXITEC collaboration has developed a pixellated CdTe detector with spectroscopic capability [4] . The detector consists of an SOxSO array of pixels with 250 f.!m pitch and 1 mm thickness, which grants 100% absorption efficiency in the energy range used for the present application. The device has been used for a number of applications and techniques, including nuclear medicine, X-ray diffraction, X-ray fluorescence for both medical applications and material studies.
The energy resolution of the detector is SOO eV (FWHM) at 59.5 keY.
The detector is read out with a rate of � 1 0 4 frames/second using a framegrabber card and customized software. It was biased at -500 V and, to avoid polarization, the bias was refreshed to 0 V for 2 s every 60 s. components not contributing to image formation.
The tube was operated at 5 /l A, and the mean glandular dose to the phantom was calculated as 32 /lGy for the images displayed here, which is approximately 50 times lower than typical entrance doses in single-image mammography [5] .
Images of extended objects were obtained by scanning the object using a remote-controlled linear stage (Micos VT-80 with a Corvus-eco controller; Micos Gmbh, Germany).
C. Data acquisition and processing
After calibration using characteristic X-rays from a variable energy X-ray source in the range 17.5 keY (Mo Ka line) to 59.5 keY (Am-241 y), the spectra from all pixels were linearly interpolated in order to use the same calibration coefficients for all pixels. This allowed the full exploitation of the intrinsic energy resolution of the detector, allowing, in particular, the selection of integration bands closer to the physical K-edge of iodine.
Integration bands of varying width were chosen above and below the K-edge of iodine, respectively, as shown in Fig. 2 . 
D. Subtraction algorithms
The first subtraction algorithm used was logarithmic subtraction. The subtracted image is calculated as
where f is the incident intensity, #' is the attenuation coefficient of iodine, 19 is the attenuation coefficient of the background, x, is the iodine thickness, Xbg is the thickness of the background region, and the subscripts high, low refer to the high energy image and the low energy image, respectively.
If the two integration bands are sufficiently close to each other, the difference between 19h1gh and 19,olV becomes negligible, and equation (1) becomes
This algorithm clearly relies strongly on the choice of narrow and close to each other integration bands, and the contrast is the higher the closer they are, so that the maximum difference in the attenuation coefficients of iodine on the two sides of the K-edge is exploited.
A more generic algorithm is the dual energy algorithm initially proposed by Lehmann et al [6] and subsequently used in several K-edge imaging applications [7] , [8] . 
where p is the density of each material and !lIp is the mass attenuation coefficients for the two materials at the two energies used.
This system of linear equations can be solved for (px)/ and (px)"'Gter giving an "iodine equivalent" image and a "water equivalent" image.
In the present work, the mass attenuation coefficients were chosen at the centre of each integration band. The data were sourced from XMudat [9] .
The effect of the two algorithms on the visibility of details was measured using the contrast-to-noise ratio (CNR):
where Sm, SOIlI are the average signal intensities inside and outside a detail region, respectively, and G O llt is the standard deviation of the region outside the detail. This is confirmed by the plots shown in Fig. 5, displaying the contrast-to-noise ratio measured for the three details as a function of the integration bandwidth for the two algorithms.
III. RESULTS AND DISCUSSION
All plots have maxima between 2 and 5 keY. The optimal integration band results from a compromise between low statistical noise, achieved with wide integration bands, and high contrast, achieved with narrow bands, which exploit the maximum difference in the attenuation coefficients of iodine on the two sides of the K-edge.
It is apparent from the figures that the dual energy algorithm performs consistently better than logarithmic subtraction. This is due to a number of reasons.
Firstly, as mentioned, this algorithm is less reliant on the selection of two integration bands that are close to each other; therefore, the drop in contrast resulting from the use of broader bands, for which the difference in the attenuation coefficient of iodine decreases, is less strong for the dual energy algorithm. Secondly, the logarithmic subtraction algorithm relies on the strong assumption that the variation between the attenuation coefficients of iodine at the two energies is negligible. When the average energies of the two bands are apart, this assumption no longer holds, and the background structures are no longer completely removed from the subtracted image, adding to the structural noise in the image.
The better capability of the dual energy algorithm for background removal also accounts for the fact that the maximwn of the CNR plot lies at a higher energy for this algorithm than for the logarithmic subtraction: with less dependency upon structural noise, the benefits resulting from increased statistics are predominant. However, this shows the potential of the algorithm, at least at narrow integration bands, to obtain an image similar to conventional mammographic images. This is important for benchmarking of the technique against established ones. 
IV. CONCLUSIONS AND FUTURE WORK
Results so far proved the effectiveness of K-edge subtraction imaging in background removal to highlight the distribution of a contrast agent with doses significantly lower than standard mammographic dose. A dual-energy algorithm, relying on less stringent assumptions, performs consistently better than simple logarithmic subtraction in terms of both contrast improvement and structural noise reduction.
The technique could be used in the future to assess vascularisation around tumours, or uptake/washout curves of a contrast agent (the latter to be measured on a dynamic test object) as an indicator of malignancy. The reduction in dose suggests the feasibility of the technique as a screening method for at least part of the population: for instance, young women with a family history of breast cancer, for which conventional mammography may be inconclusive due to the high fraction of glandular tissue, limiting the visibility of tumours, at a young age.
In the near future, more complex subtraction algorithms will be implemented, taking into account the variation of the attenuation coefficients of the materials across the energy bands selected and corrections for loss of linearity in the detector response when higher X-ray tube currents are applied, thus allowing faster image acquisition.
